Aphidiine and aphelinid parasitoids of four principal pest aphids on greenhouse vegetable crops in Japan, Aphis gossypii, Myzus persicae, Macrosiphum euphorbiae and Aulacorthum solani, were surveyed to find native parasitoids that would be useful as biological control agents. A total of 19 species (Aphidiinae: 13 species in 7 genera, Aphelinidae: 6 Aphelinus species) were confirmed as parasitoids of the four pest aphids from field collection and breeding experiments. Of these, six species (Lysiphlebus fabarum and 5 Aphelinus species) were new to Japan. In total, 145 tritrophic (parasitoid-host aphid-plant) relationships are reported. The principal aphidiine parasitoids were Lysiphlebus japonicus and Binodoxys communis on A. gossypii, Aphidius gifuensis and Diaeretiella rapae on M. persicae, and A. gifuensis on A. solani. There were no predominant species among the parasitoid spectrum of M. euphorbiae in Japan. Aphelinus gossypii, A. varipes, A. albipodus and A. asychis showed a high degree of suitability for Aphis gossypii, Aphis gossypii and M. persicae, M. persicae and M. euphorbiae, and all four principal pest aphids, respectively. A key to the parasitoid species associated with the four pest aphids in Japan is provided. The potential using the native parasitoids as biological control agents against the four pest aphids is discussed.
INTRODUCTION
In Japan, the principal pest aphids on greenhouse vegetable crops are Aphis gossypii Glover and Myzus persicae (Sulzer), but recently Macrosiphum euphorbiae (Thomas) and Aulacorthum solani Kaltenbach have also developed to pest status. An exotic aphid parasitoid, Aphidius colemani Viereck was registered in Japan as a bio-insecticide of A. gossypii and M. persicae in 1998. Furthermore, an exotic (European) strain of Aphidius ervi Haliday is being introduced for biological control of M. euphorbiae and A. solani. These two parasitoids were originally developed in Europe for commercial use in biological control. Ten aphidiine and one aphelinid species have hitherto been recorded from the four principal pest aphids by Watanabe and Takada (1967) , Starý and Schlinger (1967) , Takada (1968 Takada ( , 1998 , Takada and Yamauchi (1979) , Takada and Tokumaru (1996) , and Higashiura and Kashio (1999) . A further survey was conducted to search for potential native aphid parasitoids as biological control agents.
The purpose of this study is: (1) to document the parasitoid species of the four principal pest aphids on vegetable crops in Japan, their host plants and their distribution from field collection; (2) to examine the potential for certain parasitoid-host aphid relationships by breeding experiments in the laboratory; and (3) to provide a key to parasitoid species of the four pest aphids in Japan.
MATERIALS AND METHODS
Field collection. Mummified or living aphids were sampled from wild and cultivated plants across a wide range of habitats, i.e. cultivated fields and roadsides, intermediate habitats like garden, orchard or forest edge, and the forest. Mummies were held in small glass tubes with cotton plugs to allow for parasitoid emergence. Collected aphids were reared on the host plants in glass tube cages or transparent nylon bags until mummification. I collected all specimens, unless otherwise stated.
Breeding experiments. One to four mated female parasitoids were released into a small glass tube cage (3.5 cm diam.ϫ15 cm height or 5 cmϫ10 cm) containing 20-50 aphids for 24 h. The aphid mummies were counted 8-10 days later and transferred to small vials until adult emergence. The parasitoids were tested on A. gossypii on Cucurbita maxima, M. persicae on Rhaphanus sativus, M. euphorbiae on Lycopersicon esculentum or A. solani on Capsicum annuum. All experiments were carried out at 20°C, 15L : 9D.
Classification. Determination and nomenclature of aphid parasitoids follow Takada (1968) for most species of Aphidiinae, Takada (1998) and Kavallieratos and Lykouressis (1999) for Aphidius transcaspicus Telenga (ϭA. magdae Mescheloff and Rosen), Takada and Yamauchi (1979) for Binodoxys communis (Gahan), Mackauer (1960) for Lysiphlebus fabarum (Marshall), Starý (1975) for Praon orientale Starý and Schlinger, Hayat (1998) for most species of Aphelinus, and Hayat (1994) for A. maculatus Yasnosh.
RESULTS

Tritrophic (parasitoid-host aphid-plant) relationships from field collection
Genera and species of Aphidiinae and Aphelinus species are listed alphabetically, with host aphids and their food plants. Locations collected are indicated in municipality and administrative divisions, but the prefectural seat excludes administrative division names. The references in this section are abbreviated as follows: Watanabe and Takada (1967) Kyoto, 6. vi. 1991; Cucumis sativus; 3/ 2?, Kyoto, 9, 15. v. 1997 3/ 2?, Kyoto, 9, 15. v. , 21. v. 2001 Solanum melongena, 1/ , Haebaru, Okinawa Pref., 16. iv. 1977 8/ 20?, Nagoya, 21. vii. 1985 , Kyoto, 20. viii. 1995 , 6. ix. 1987 , Fukuoka, 16. ix. 1992 Cucumis sativus, 6/ 3?, Kyoto, 21. v, 28. vi. 2001; Dahlia ϫcultorum, 1/ , Takarazuka, Hyogo Pref., 11. vi. 1994 (Y. Yoshiyasu leg.) ; Euonymus japonicus, 1/ 1?, Kagoshima, 16, 18. vi. 1984 (H. Kajiwara leg.) ; Hibiscus mutabilis, 2/ , Haebaru, Okinawa Pref., 10. i. 1991; H. syriacus, 8/ 8?, Gifu, 25. ix. 1996 , Kyoto, 24. v. 1995 Hibiscus (Chinese hibiscus), 5/ 5?, Yomitan, 12. xi. 1991 ; Lilium sp., 1/ , Kyoto, 29. ix. 1995; Rubia akane, 11/ 7?, Hirosaki, Aomori Pref., 29. ix. 1992 (Y. Kiyosawa leg.) , Morioka, 3.ix.1985 , Matsumoto, Nagano Pref., 3. x. 1992 Kyoto, 9-22. v. 2000 Kyoto, 9-22. v. , 18-20. v. 2001 Kyoto, 12. vi-4. viii, 27. ix-20. xi. 1999 (E. Tatsumi leg.) . (3) *Aphelinus asychis Walker, 1839
A. gossypii: on Cucumis sativus, 3/ 2?, Kyoto, 9. v-19. vi. 1997. M. persicae: on Brassica oleracea, 6/ , Kyoto, 26. v, 5. vi, 23. vii. 1971 Kyoto, 26. v, 5. vi, 23. vii. , 11. vi. 1981 Kyoto, 26. v, 5. vi, 23. vii. , 17. vii. 1996 ; Raphanus sativus, 2/ 1?, Kyoto, 9. x. 1973 Kyoto, 9. x. , 3, 9. vi. 1983 Solanum tuberosum, 1?, Sapporo, 25. viii. 1974 .
M. euphorbiae: on Lycopersicon esculentum, Kyoto, 20. vi. 2001 (E. Tatsumi leg.) .
A. solani: on Rumex obtusifolius, 1/ , Memuro, Hokkaido, 14. v. 1997 (H. Torikura leg.) . (4) Aphelinus gossypii Timberlake, 1924 Aphis gossypii: on Callicarpa japonica, 5/ 11?, Kyoto, 11. x. 1992 , 10. x. 1995 , 6. x. 1996 , Keihoku, Kyoto Pref., 8. v. 1993 Capsella bursa-pastoris, 5/ , Naha, 8. iii. 1995; Cayratia japonica, 4/ , Kyoto, 1. viii. 1975 , 29. vi. 1989 , 6. vii. 1991 , 5. xii. 2000 Celastrus orbiculatus, 1/ , Sapporo, 27. viii. 1991 Pref., 27. ix. 1992 , Sendai, 4. ix. 1985 Cucumis melo, 2/ , Miura, Kanagawa Pref., 30. ix. 1993; C. sativus, 15/ 23?, Sapporo, 27, 29. viii. 1991 , Kyoto, 6. ix. 1984 , 2. viii. 1994 , 5, 26. vi. 1996 , 9. v-26. vi. 1997 , 31. vii. 2000 , Fukuma, Fukuoka Pref., 13. viii. 2001 ; Cucurbita spp. (pumpkin), 2/ 2?, Obihiro, Hokkaido, 25. viii. 1995 , Morioka, 4. ix. 1985 Euonymus japonicus, 3/ 4?, Kagoshima, 30. v, 9, 18. vi. 1984 (H. Kajiwara leg.) ; Hibiscus syriacus, 2/ 3?, Kyoto, 15. iv. 1991 Kyoto, 15. iv. , 24. v. 1995 Kyoto, 26. vi, 17. vii. 1996 , 31. vii. 2000 , Fukuma, Fukuoka Pref., 13. viii. 2001 ; Cucurbita spp. (pumpkin), 3/ 1?, Obihiro, Hokkaido, 25. viii. 1985 , Sapporo, 29. viii. 1991 , Morioka, 3. ix. 1985 , Kyoto, 3. vii. 1997 Solanum melongena, 1?, Sapporo, 27. viii. 1991; S. tuberosum, 1/ 1?, Sapporo, 24. vi. 1997 , Ginowan, Okinawa Pref., 12. xi. 1991 .
M. persicae: on Brassica campestris, 1/ , Kagoshima, 15. x. 1979; B. oleracea, 7/ 3?, Fujieda, Shizuoka Pref., 11. xi. 1987 (in greenhouse, Y. Nabeoka leg.); Chrysanthemum coronarium, 1/ 1?, Tomigusuku, Okinawa Pref., 8. i. 1991; Raphanus sativus, 2?, Kyoto, 4. x. 1973 , Tomigusuku, 8. i. 1991 ; Solanum tuberosum, 1/ , Kyoto, 19. vi. 1980 . (Takada and Tada, 2000) . (2
Parasitoid-host aphid relationships from breeding experiments in the laboratory
) Aphidius transcaspicus Telenga, 1958
A. gossypii: the populations from Hyalopterus pruni on Prunus persica at Kyoto, 24. vii. 1998 , and from Rhopalosiphum padi on winter cereals at Utsunomiya, 6. vi. 1998 (Y. Kikuchi leg.), successfully parasitized and completed development on A. gossypii.
M. persicae: the population from Toxoptera aurantii on Camellia japonica at Kyoto, 13. vii. 1996 , was successfully reared on M. persicae [T98] . (3
) Lipolexis gracilis Förster, 1862
A. gossypii: the females from A. gossypii on Capsella bursa-pastoris at Naha, 8. iii. 1995, readily oviposited in A. gossypii (dissections of the exposed aphids revealed the presence of parasitoid eggs or larvae). The progeny completed their development to the mature larval stage but could not mount the aphid skin to the plant. Parasitized aphids fell from the plant to the bottom of the cage, where the parasitoid larvae started to spin their cocoons, but they could not produce normal mummies. More than half of the progeny died inside the incomplete and partly broken mummies as mature larvae or as pupae. (4 (Fig. 7) and four times as long as broad in male (Fig. 6) -Forewing (Fig. 45) : without an infuscated band on speculum extending from base of marginal vein; antenna ( Fig. 5 ) with 3rd funicule segment distinctly longer than pedicel in male. Base of abdomen usually yellow to brown, sometimes dark brown; hind tibia usually yellow, rarely brown . . . A. albipodus
DISCUSSION
Parasitoid complex of four principal pest aphids on vegetable crops in Japan
A total of 19 species of parasitoids (Aphidiinae: 13 species in 7 genera; Aphelinus: 6 species) were found to parasitize 4 principal pest aphids on vegetable crops in Japan, and 145 tritrophic (parasitoid-host aphid-plant) relationships were confirmed. The relationships with the four pest aphids and distribution areas in Japan of the 19 species of parasitoids are summarized in Table 1 from the field collection data and experimental results mentioned in the preceding section. Concerning their distribution, I also referred to Takada (1968 Takada ( , 1998 and Takada and Yamauchi (1979) . The degree of suitability of each parasitoid for the four pest aphids was added according to my prior experience and the results of suitability tests of certain parasitoids for some of the four pest aphids (Takada, unpublished data) . Tritrophic (parasitoid-host aphid-vegetable crop) relationships in Japan are summarized in Table 2 from the field collection data.
The host range of the Aphidiinae varies according to the genus and species from strict monophagy to broad oligophagy (Starý, 1981) . The genus Aphelinus generally shows a wide host range, but it comprises both species-specific and broadly oligophagous species (Starý, 1988b; Zuparko, 1997) . Different host species of a particular parasitoid within the range are not equal in the degree of suitability as its host; the parasitoids have preferences for certain host species (Starý, 1988a) . The above-mentioned 19 species of parasitoids may be classified into the following three groups according to the relationships with four principal pest aphids from an analysis of their host range from the pres-246 H. Takada ent study and the literature (Mackauer, 1960; Takada, 1968 Takada, , 1998 Starý, 1981; Zuparko, 1997; Takada and Tada, 2000) .
(1) Narrowly oligophagous parasitoids, some of the four pest aphids being their preferred hosts. A. gifuensis: M. persicae and A. solani; D. rapae: M. persicae; L. japonicus: A. gossypii; B. communis: A. gossypii E. nacheri, E. persicae, E. plagiator, L. gracilis, L. fabarum, P. orientale, A. abdominalis, A. albipodus, A. asychis, Aphelinus gossypii, A. maculatus, A. varipes . . gifuensis, D. rapae, A. varipes B. juncea Mp A. gifuensis, A. gossypii B. oleracea Mp A. gifuensis, D. rapae, P. orientale, A. asychis, A. varipes Raphanus sativus Mp A. gifuensis, D. rapae, E. nacheri, E. persicae, P. rhopalosiphum, A. asychis, A. maculatus, A. (Sullivan and van den Bosch, 1971) where the aphid originated (Blackman and Eastop, 1984) . L. japonicus is predominant on A. gossypii on Hibiscus species, but not on vegetable crops (Table 2 ). This seems to be because L. japonicus prefers an intermediate habitat like a garden and forest edge to the field (Takada, 1976) . B. communis is one of the most effective parasitoids of A. gossypii on Colocasia esculentum in south Japan (S. Yamauchi, pers. comm.) and on vegetable crops in Taiwan (Chiu and Liu, 1969) . A. gifuensis is the main parasitoid of M. persicae and A. solani on a wide range of vegetable crops (Table 2) . It is also the most effective parasitoid of M. persicae in Taiwan (Chiu and Liu, 1969) and Sichuan (Anonymous, 1990) . D. rapae is abundant on M. persicae on brassicaceous crops, but very few are found on other families of crops (Table 2 ). This species uses odors of the food plants of its main host, crucifers, rather than the odor of its host to locate its host (Takada, 1976) .
Broadly oligophagous Ephedrus species and P. orientale are rarely found on vegetable crops (Table 2 ). These species prefer the garden and forest edge to the field (Takada, 1976) . L. gracilis inhabiting fields possibly attacks A. gossypii not only on the crops known thus far (Table 2 ) but also on other crops. L. gracilis readily accepts A. gossypii as a host, but only a portion of the progeny can complete development and the majority die either as larvae within the dead host or as pupae within the mummy. A mature larva cannot mount the aphid skin to the plant, so it falls on the ground, where the larva spins an incomplete cocoon inside the aphid skin usually partly broken (Takada, unpublished data) . Sato et al. (1998) showed that L. gracilis occupied a considerable proportion of the parasitoid complex of A. gossypii on greenhouse cucumbers.
Aphelinus
A. maculatus has been reared from a few species of aphids inhabiting the field and forest edge (Takada, unpublished data) , but M. persicae is apparently one of its occasional hosts. A. abdominalis is possibly a minor species in Japan. The other four species of Aphelinus are broadly oligophagous in Japan (Takada, unpublished data) , as in other regions of the world (Zuparko, 1997; Hayat, 1998) . Aphelinus gossypii inhabits fields and forest edge, and A. varipes, A. albipodus and A. asychis inhabit fields (Takada, unpublished data (Table 1) .
Concluding remarks
There is at least one predominant parasitoid of Aphidiinae for each principal pest aphid except for M. euphorbiae in Japan. However, none of these has a potential to parasitize both A. gossypii and M. persicae equally as well as A. colemani does. Ephedrus cerasicola, an oligophagous parasitoid in Europe, could be a possible candidate for biological control of A. gossypii and M. persicae (Hågvar and Hofsvang, 1991) . E. nacheri and E. plagiator, that can also parasitize both A. gossypii and M. persicae, may be useful. L. gracilis has a trait that makes it particularly useful as a control agent; it can escape being killed by external hyperparasitoids that oviposit on parasitoid larvae or pupae within the mummified aphids, because the mummies are produced on the ground. A. asychis, A. albipodus, A. varipes and Aphelinus gossypii have good potentials as biological control agents against four principal pest aphids. Kazmer et al. (1996) indicated that three cultures of A. asychis from the Mediterranean basin, Kazakhstan and north-central China are reproductively disjunctive and genetically differentiated. Japanese populations of the Aphelinus species may be distinct from other geographical populations in host preference and biological traits.
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